Hemodynamic data, including simultaneously measured left ventricular and aortic pressures, were obtained from 20 patients with isolated valvular aortic stenosis at rest and during supine leg exercise. Changes in left ventricular end-diastolic pressure during exercise were not significantly related to the severity of aortic stenosis but were correlated with age; patients with abnormal left ventricular end-diastolic pressures during exercise were significantly older than those in whom this variable remained normal. Exercise resulted in significant increases in both the mean rate of systolic aortic blood flow and the mean systolic pressure gradient across the aortic valve. Analysis of this pressure gradient demonstrated symmetrical shortening of the ejection time per beat with an increase of the maximal systolic pressure gradient during exercise. Although changes in mean systolic aortic pressure gradient and mean aortic flow were significantly positively correlated, the increases in mean systolic pressure gradient during exercise were less than predicted from corresponding increases in mean aortic flow; thus the result was an apparent increase in computed aortic valve area.
Hemodynamic data, including simultaneously measured left ventricular and aortic pressures, were obtained from 20 patients with isolated valvular aortic stenosis at rest and during supine leg exercise. Changes in left ventricular end-diastolic pressure during exercise were not significantly related to the severity of aortic stenosis but were correlated with age; patients with abnormal left ventricular end-diastolic pressures during exercise were significantly older than those in whom this variable remained normal. Exercise resulted in significant increases in both the mean rate of systolic aortic blood flow and the mean systolic pressure gradient across the aortic valve. Analysis of this pressure gradient demonstrated symmetrical shortening of the ejection time per beat with an increase of the maximal systolic pressure gradient during exercise. Although changes in mean systolic aortic pressure gradient and mean aortic flow were significantly positively correlated, the increases in mean systolic pressure gradient during exercise were less than predicted from corresponding increases in mean aortic flow; thus the result was an apparent increase in computed aortic valve area. Additional Indexing Words: Aortic pressure Aortic valve area Left ventricular pressure Supine exercit P REVIOUS STUDIES of patients with aortic stenosis have indicated that although exercise may produce changes in the pressure gradient across the aortic valve during systole, this response is not predictable and not statistically significant when data from a group of patients are considered simultaneously.1-3 Similarly, changes in mean systolic aortic blood flow during exercise were unpredictable and apparently unrelated to any simultaneously observed changes in the aortic valve systolic pressure gradient.' These observations are in contrast to effects of exercise observed in patients with mitral or pulmonary stenosis in whom increases in valve flow were predictably related to increases in the pressure gradient across the valve during exercise. 4' Since previous studies of effects of exercise on patients with aortic stenosis included patients with mitral valvular disease and aortic insufficiency, these additional valvular lesions may have altered the hemodynamic response to exercise. Mitral stenosis is known to limit exercise-induced augmentation of cardiac output. Likewise, concommitant mitral or aortic insufficiency may significantly alter the effects of exercise in patients with aortic stenosis. Thus, the hemodynamic response to exercise in patients with isolated aortic stenosis needs further clarification.
The present study was undertaken, therefore, to document the hemodynamic effects of exercise in patients with isolated valvular 1003 aortic stenosis, and especially to observe the effects of exercise upon the aortic systolic pressure gradient, systolic aortic blood flow rate, and computed aortic valve area.
Methods
Data were obtained from 20 patients with isolated valvular aortic stenosis during diagnostic cardiac catheterization. Patients ranged in age from 16 to 72 years. Seven patients had no detectable aortic insufficiency, while 13 patients had a trace of aortic insufficiency (defined as a barely discernible diastolic blush of contrast material into the left ventricle which cleared with the first subsequent ventricular contraction). Patients with detectable mitral valvular disease were excluded from this study. All patients were in sinus rhythm.
Right heart catheterization was performed by introducing a no. 6 or 7 French Goodale-Lubin cardiac catheter through a median basilic or cephalic vein. The ascending aorta was catheterized with a no. 5 French thin-walled Teflon catheter introduced percutaneously through a brachial artery by the Seldinger technique and positioned 4 to 5 cm above the aortic valve. The left ventricle was catheterized either by retrograde passage across the aortic valve of a similar Teflon catheter introduced percutaneously through the brachial artery on the opposite side or by means of the Brockenbrough transseptal technique from the right femoral vein.6 Pressures were measured by Statham P23Db electromanometers. Although the frequency response of catheter-manometer systems was not determined during each study, periodic determinations using a sine-wave pressure generator consistently demonstrated response flat to 12-15 Hz for both catheter systems. Data were recorded on a model DR-12 optical recorder* at a paper speed of 100 mm/sec. Cardiac output was determined according to the Fick principle. While the patients expired gas was collected in a Tissot spirometer during a 3min interval for determination of oxygen consumption, pressures were recorded from the aorta and left ventricle. At the midpoint of the gas collection, immediately following pressure measurement, blood was withdrawn from the aorta and pulmonary artery for determination of oxygen content, using the Van Slyke manometric apparatus. The study was then repeated during supine leg exercise measured by a Godart-Lanooy bicycle ergometer. Exercise loads ranged from 25 to 75 watts, depending upon the size of the patient and the patient's previous history of exercise tolerance.
Aortic and left ventricular pressures were recorded continuously during exercise. Although hemodynamic alterations induced by exercise generally stabilized within the first 2 min, exercise was continued for 5 min to insure attainment of a hemodynamic steady state before any measurements were obtained. Data were then obtained in a manner identical to that used during the resting study.
The presence of steady-state conditions during exercise cardiac output determinations was supported by maximum individual variations in heart rate of no more than ±2 beats/min throughout the 3-min interval required for collection of the patient's expired gas; in addition, systolic aortic pressure did not vary more than +2 mm Hg nor left ventricular end-diastolic pressures more than + 1 mm Hg during this interval. The mean respiratory quotient during exercise was 0.87 ±-0.02, a value identical to that previously reported during steady state submaximal muscular exercise in man. 7 After blood was obtained for determination of oxygen content, heart rate and all pressures were again measured to insure that steady-state conditions had existed during the interval of study.
Prior to termination of study, left ventriculography and ascending aortography were performed on each patient to evaluate possible mitral or aortic insufficiency. For left ventriculography either a no. 8 French polyethylene catheter was advanced from a femoral artery in a retrograde manner across the aortic valve, or a Brockenbrough transseptal catheter was passed from the right femoral vein through the atrial septum and across the mitral valve. Ascending aortograms were made by using a no. 8 French polyethylene catheter introduced via a femoral artery. Injections of 45 to 55 ml of 75% sodium diatrizoate were made with an Amplatz8 injector at 150 to 250 psi. Roentgenograms were obtained with either 35-mm cineangiography in the left posterior oblique position at 60 frames/sec, or anteroposterior and lateral exposures using an Elema-Schonander model DS-612 biplane rapid film changer at 6 exposures/sec. Heart rate, systolic and diastolic aortic pressures, and peak systolic and post A-wave enddiastolic left ventricular pressures were measured directly from the recordings. Duration of left ventricular ejection per beat was measured as the interval during which left ventricular pressure exceeded aortic pressure. The systolic ejection time (sec/min) was determined as the product of heart rate and duration of ejection per beat. Mean systolic aortic blood flow (ml/sec) was determined by dividing cardiac output by systolic ejection time. Instantaneous left ventricular pressure, aortic pressure, and the pressure Circulation, Volume XLUV, *Electronics for Medicine, Inc., White Plains, New York. 1004 gradient across the aortic valve were obtained by hand digitization at 10-msec intervals of four consecutive heart beats. The mean systolic pressure gradient across the aortic valve was determined as the average of these instantaneous gradients and agreed within ±3% with the planimetrically determined mean aortic valve gradient for the same four heart beats. Left ventricular stroke-work index was calculated as described by Ross and co-workers. 2 Aortic valve area was calculated according to the formula of Gorlin and Gorlin9: AVA = Q 44.5 \/MSG where Q = systolic aortic blood flow rate (ml/sec) determined as cardiac output (ml/min) divided by systolic ejection time (sec/min), and MSG = the mean pressure gradient measured across the aortic valve during systole. Paired data analysis using Student's t-test and linear regression analysis was carried out by standard statistical methods.
Results
Clinical data are shown in table 1. Resting heart rates ranged from 60 to 107 beats/min and increased 13 to 73 beats/min during exercise (table 2) .
Cardiac index was less than 2.5 at rest in eight patients ( fig. 1 ). Three of these eight Relationships observed between changes in cardiac index and oxygen consumption at rest and during supine leg exercise in 20 patients with valvular aortic stenosis. The shaded rectangle indicates normal resting values for these variables. patients had abnormal exercise factors (less than 600 ml/min increase in cardiac output per 100 ml/min increase in oxygen consumption). However, seven of 12 patients with normal resting cardiac indices also had abnormally low exercise factors. The mean exercise factor for all patients was an increase of 623+49 (SEM) ml/min in cardiac output per increase in oxygen consumption of 100 ml/min, and there was no statistically significant difference in exercise factor between patients with normal and patients with low resting cardiac indices. Mean left ventricular end-diastolic pressure (LVEDP) was 12 mm Hg at rest and 20 mm Hg during exercise (P < 0.01) (table 2). The upper limit of normal LVEDP in this laboratory is 12 mm Hg both at rest and during supine exercise with an increase during exercise of no more than 3 mm Hg. In 10 patients resting LVEDP was within the normal range. Resting LVEDP was not significantly correlated with any clinical or hemodynamic variable measured. There was no significant difference in the mean increase of LVEDP during exercise between those patients in whom-resting LVEDP was normal (mean increase = 7 ± 2 mm Hg) and those in whom it was abnormal (mean increase Relationships observed between patient a in 20 patients with valvular aortic stenosis. = 9 ± 2 mm Hg, P > 0.20). Only five patients had normal responses of LVEDP to exercise (increase of no more than 3 mm Hg); in four of these patients LVEDP remained less than 12 mm Hg during exercise. Of all clinical and hemodynamic variables observed, age was the only significant difference between patients with a normal and those with an abnormal response of LVEDP to exercise. Mean age of those five patients with normal response was 22 + 3 yr while for the 15 patients who had abnormal response, mean age was 57 ± 10 yr (P < 0.01). Linear regression analysis demonstrated a direct linear relationship between patient age and LVEDP during exercise (r = 0.71, P < 0.001) ( fig. 2 ). There was no significant relationship between the severity of aortic stenosis (as indicated by aortic valve area) and LVEDP either at rest of during exercise. Exercise resulted in an increase of mean aortic pressure from 92± 3 to 100 + 3 mm Hg (P < 0.01) while mean left ventricular ejection pressure increased from 159 + 5 to 198±7 mm Hg (P<0.01) (table 2). Concomitantly, stroke volume increased from 68 ± 4 ml at rest to 77 + 5 ml during exercise (P < 0.01), resulting in an increase of left ventricular stroke-work index from 74 + 4 grn/M2 at rest to 102 + 7 g-m/m2 during exercise (P < 0.01). Duration of ejection at rest was 285 6 msec/beat and decreased to 245 + 7 msec/ beat during exercise (P <0.01). Because the exercise-induced tachycardia exceeded this reduction in duration of ejection, however, average systolic ejection time increased from 22.2 + 0.6 sec/min at rest to 26.9 + 0.7 sec/ min during exercise (P < 0.01). Mean systolic aortic blood flow rate was uniformly increased from 245 + 14 ml/ sec at rest to 318 + 21 mi/sec during exercise (P < 0.01) (table 2) . Concomitantly, the mean pressure gradient across the aortic valve during systole increased from 59 + 4 mm Hg to 74 +5 mm Hg (P < 0.01). Linear regression analysis demonstrated a significant-direct correlation between the relative changes observed in the mean aortic valve systolic pressure gradient and mean systolic aortic flow rate during exercise (correlation coefficient, r = 0.64; P < 0.01).
Computed aortic valve areas at rest and during exercise are shown in table 2. According to the Gorlin and Gorlin9 formula, for computed aortic valve area to remain constant the square root of the mean aortic valve systolic pressure gradient must vary in direct proportion to the mean systolic aortic flow rate. Exercise-induced increases in the mean aortic valve systolic pressure gradient observed in the present study, however, were generally less than predicted by this equation (fig. 3 ). Consequently, computed mean aortic valve area increased from 0.76 + 0.07 at rest to 0.88 + 0.08 cm2 during exercise (P < 0.01). Relative changes in mean systolic aortic flow (Q) and the square root of the mean systolic pressure gradient (MSG) that occurred during exercise. The line of identity indicates proportional changes required to maintain a constant computed aortic valve area. Most actual measurements fell below this line, however, indicating that mean systolic pressure gradients increased less than predicted from the simultaneous changes in mean aortic flow. Abbreviation: r=resting values. Figure 4 illustrates mean instantaneous left ventricular and aortic systolic pressures and the difference between these measurements (the pressure gradient across the aortic valve) at rest and during exercise. The maximum instantaneous systolic pressure gradient that developed across the aortic valve increased from 85 6 mm Hg at rest to 104 8 mm Hg during exercise (P < 0.01). The time intervals from onset of left ventricular ejection to peak left ventricular and peak aortic pressures and to the maximal aortic valve pressure gradient Figure 4 Average instananeous values of left ventricular pressure, ascending aortic pressure, and the difference between left ventricular and aortic pressures (aortic valve gradient) digitized at 10-msec intervals at rest and during supine leg exercise for 20 patients with valvular aortic stenosis. are shown in table 3 . Exercise resulted in a 14% decrease in duration of ejection/beat (P < 0.01). Proportionally significant decreases were also observed in the interval from the onset of left ventricular ejection to peak left ventricular pressure and to the peak aortic valve pressure gradient (table 3) . To evaluate the effect of exercise upon the configuration of the aortic valve pressure Circulation, Volume XLIV, December 1971 gradient further, instantaneous resting and exercise measurements of the gradient were normalized by setting both the maximal pressure developed across the aortic valve during systole and the total duration of ejection equal to 100% for each patient. As shown in figure 5 , exercise did not significantly alter the configuration of the normalized aortic valve pressure gradient. Normalized, instantaneous systolic pressure gradients observed across the aortic valve of 20 patients with valvular aortic stenosis at rest and during supine leg exercise. Data were normalized by setting both the maximal aortic valve pressure gradient observed during systole and the total duration of ejection equal to 100% for each patient.
Discussion
Cardiac catheterization data included in this study were obtained from consecutive patients with aortic stenosis in whom satisfactory left ventricular pressures could be obtained during exercise. Some patient selection was involved, however, since patients with resting left ventricular end-diastolic pressures (LVEDP) in excess of 25 mm Hg were considered inappropriate for exercise and were therefore rejected. Nevertheless, the mean increase in LVEDP of 8 mm Hg was similar to the 10.5 mm Hg mean increase in LVEDP observed during supine leg exercise in a group of patients with isolated aortic stenosis reported by Ross and associates.2 Evaluation of exercise-induced changes in LVEDP is complicated by changes in intrathoracic pressure which accompany exercising hyperventilation. Mean intrapleural pressure has been shown to decrease during exercise,10 thus potentially causing underestimation of LVEDP. Nevertheless, LVEDP was abnormally elevated during exercise in 16 of 20 patients. Left ventricular volume measurements were not performed in the present study. However, acute changes in ventricular compliance probably do not occur with changes in heart rate or sympathetic nervous system activation and would be especially unlikely in these patients because of the high ratio of wall thickness to ventricular volume." 12 Thus, the increases in left ventricular end-diastolic pressure demonstrated during exercise would be expected to reflect increased left ventricular end-diastolic volume. It is likely that the modest increases in stroke volume occurred as a result of enhanced ventricular emptying which is known to occur during exercise and were not directly related to changes in left ventricular end-diastolic volume. '3' 14 The changes which occurred in left ventricular end-diastolic pressure during exercise in the present study could not be related to the severity of aortic stenosis as indicated by the calculated aortic valve area nor by any measured hemodynamic variable. However, the patients having a normal response of LVEDP to exercise were significantly younger than patients with an abnormal response. It is possible that this difference is due to the fact that older patients are more likely to suffer from coronary vascular disease; this possibility was not explored in the present study.
The regular increases in mean aortic systolic blood flow during exercise in the present study are contrary to previously reported studies in which no systematic alteration of this parameter occurred during exercise in patients with aortic stenosis.1 3, 15 Since previous studies of aortic stenosis included patients with accompanying mitral stenosis, it is possible that the mitral valvular disease, rather than the aortic stenosis, prevented significant increases in the mean systolic aortic blood flow rate. '6 In the presence of mitral stenosis, cardiac output tends to remain relatively fixed during exercise; thus, an otherwise expected increase in mean systolic aortic blood flow would be attenuated. Support for this concept is obtained by recalculating the data reported by Anderson's group. 3 Excluding values for patients with aortic insufficiency, the mean aortic systolic flow rate during exercise for six patients with isolated aortic stenosis was 250 + 14 cm3/sec, while for five patients with aortic stenosis and accompanying mitral valvular disease it was 174 ± 17 cm3/sec, a statistically significant difference (P<0.001). Since body surface area was not significantly different between these two groups, it appears that the failure of mean systolic aortic flow rate to increase significantly during exercise resulted from accompanying mitral valvular disease rather than as a primary hemodynamic characteristic of aortic stenosis.
The modest but significant increase in mean aortic valve systolic pressure gradient observed in the present study is in contrast to previously reported studies in which no such consistent change was observed during exercise.1-3 15 In those investigations, however, left ventricular pressure was compared with brachial artery pressure, rather than pressure in the ascending aorta, for determination of the aortic valve systolic pressure gradient. Since the arterial pulse may undergo considerable variable systolic amplification as it travels peripherally, it is reasonable that the aortic valve systolic pressure gradient determined from brachial artery pressure would reflect the effects of this distortion of the pulse contour.'7 18 In support of this, Tjong and Verheugtl9 found that when brachial artery pressure was used in the determination the mean aortic valve systolic pressure gradient was lower than that simultaneously determined by use of ascending aortic pressure. The degree of error was variable and not predictable. Further variability might be expected during exercise, since exercise has been shown Circulation, Volume XLIV, December 1971 to increase the degree of peripheral pulse amplification.20 21 Since the increase in mean aortic valve systolic pressure gradient with exercise in the present study was modest, even a small error introduced by the effects of peripheral pulse amplification may have been sufficient to conceal this otherwise significant finding in previously reported studies.
Linear regression analysis demonstrated that increases in the rate of aortic blood flow were accompanied by simultaneous increases in the mean aortic valve systolic pressure gradient. Increases in the latter, however, were generally less than required by the Gorlin and Gorlin9 formula to maintain a constant computed aortic valve area. Consequently, a statistically significant "apparent" increase in aortic valve area occurred during exercise. This increase in valve area may represent a computational artifact. Since the formula for aortic valve area relates instantaneous aortic flow and pressure, computation should relate the mean square root of the pressure gradient to the mean aortic flow rate.9 In practice, however, the square root of the mean pressure gradient is utilized, thus potentially introducing a computational error which is dependent upon the configuration of the pressure gradient.22 The present study demonstrated that the configuration of the systolic pressure gradient was not altered during exercise, and thus could not be implicated in the apparent change in valve area. Computation of aortic valve area involves additional assumptions that the blood flow rate across the valve is constant, that effects of blood viscosity and inertia are negligible, and that the shape of the valve is fixed.22 Presently available data do not permit determination of the magnitude of error introduced by these assumptions, or whether exercise-induced alterations of these variables could account for the small increases in computed aortic valve area observed during exercise.
It is possible that an actual increase in aortic valve area did occur during exercise. Aortic stenosis may result not only from fusion of valve cusps with fixed limitation of the 1011 orifice, but also from increased stiffness of the valve cusps which hinders the opening motion. 23 In the latter case, the increased pressure directed across the stiffened leaflets during exercise or the increased rate at which this force was developed might increase the degree of opening of the valve. In patients with normal or insufficient aortic valves, direct radiographic study has demonstrated that the orffice of the open valve is not constant, but varies throughout ejection. 24 Unfortunately, similar data are not presently available for patients with aortic stenosis.
